Oxide monolayers may present unique opportunities because of the great diversity of properties of these materials in bulk form. However, reports on oxide monolayers are still limited. Here we report the formation of single-atom-thick copper oxide layers with a square lattice both in graphene pores and on graphene substrates using aberration-corrected scanning transmission electron microscopy. First-principles calculations find that CuO is energetically stable and its calculated lattice spacing matches well with the measured value. Furthermore, free-standing copper oxide monolayers are predicted to be semiconductors with band gaps ∼3 eV. The new wide-bandgap single-atom-thick copper oxide monolayers usher a new frontier to study the highly diverse family of two-dimensional oxides and explore their properties and their potential for new applications.
Introduction
Among all two-dimensional (2D) crystals, monolayer (ML) oxides are an especially interesting class because of the many coupled degrees of freedom that are present in bulk oxides (charge, spin, lattice), to which quantum confinement is now added. We can, therefore, expect a wide spectrum of electronic and magnetic properties with potential for applications. Many efforts have been made to fabricate 2D oxides. Fewlayer films have been successfully cleaved from bulk layered-oxides [1] [2] [3] [4] . Mono-or few-layer oxides bonded to substrates have also been grown [5] [6] [7] [8] . A recent report on ZnO monolayers suspended in a graphene pore presages a potentially exciting area of oxide monolayers [9] .
Copper oxides are unique among metal oxides because they are the only ones in which the metal atom has a full d-shell. They have received a great deal of attention due to their versatile applications in hightemperature superconductivities [10] [11] [12] [13] , supported catalysts [14] , solar cells [15] , thin-film transistors [16] , and so on. The oxidation of the top layer of a copper substrate, i.e. a supported copper-oxide thin film, has also been extensively studied [17] [18] [19] [20] . Recently, a superior visible-light-conversion efficiency was reported for a four-atom-thick Cu 2 O film photoelectrode [21] . Although a monolayer structure is particularly useful in elucidating the nature of active catalytic sites [14, 21] , the synthesis of an unsupported single-atomthick copper-oxide monolayer has remained a challenge [22, 23] .
In this paper, we report the formation of singleatom-thick copper oxide monolayers under electron beam irradiation. Small clusters of copper oxide were driven by a 60 keV electron beam to form monolayer nanosheets with a square Cu sub-lattice, either spanning graphene pores to form unsupported monolayer oxide membranes or being supported on the graphene surface. The exclusive presence of Cu and O was confirmed by local chemical analysis via electron-energyloss spectroscopy (EELS). Quantum mechanical calculations find that both CuO and Cu 2 O square monolayer are possible while CuO is more stable than Cu 2 O in energy. Moreover, comparing the Cu-Cu distance in the fabricated sample with a statistical analysis to the calculated Cu-Cu distance using a state-of-the-art exchange-correlation functional, we conclude that the as-fabricated sample is CuO monolayer. Theoretical calculations also indicate that free-standing CuO and Cu 2 O monolayers are stable. They are wide-bandgap semiconductors with band gaps ∼3 eV. The stoichiometry variation changes the bandgap from indirect for CuO monolayer to direct for Cu 2 O monolayer, suggesting that the electronic and optical properties of monolayer oxidized copper can be tuned by the oxygen content.
Results and discussion
Formation of CuO monolayer on graphene substrate A schematic diagram of the in situ formation process for the supported monolayer CuO membrane is shown in figure 1(a) . Initially, the sample preparation and process method that we used generates numerous small copper oxide clusters (smaller than 2 nm in diameter) and isolated Cu atoms on the graphene layer, mostly attached to the step edges of multilayer graphene patches (see methods and supplementary figure S1). A typical scanning transmission electron microscopy (STEM) annular dark field (ADF) image of small copper oxide clusters on a graphene surface is shown in figure 1(b) . Chemical analysis via EELS showed the presence of oxygen and copper, as illustrated in supplementary figure S2. These small copper oxide clusters are mobile around the graphene edges and their morphology changes constantly under electron irradiation. Under prolonged low-dose-rate irradiation by a scanning focused 60 keV electron beam, these small copper-oxide clusters can transform into a crystalline monolayer structure, with the Cu atoms forming a square sub-lattice (figures 1(c), (d) and supplementary figure S3) .
Measurements of the Cu sub-lattice show a lattice constant of 2.69±0.05 Å for the monolayer structure (see supplementary figure S4 ). For simplicity, we define a square unit cell with 〈100〉 s along the square edge. Quantitative STEM-ADF image analysis suggests that the monolayer nanosheets are single-atom-thick, as the image intensity from the Cu sub-lattice is equivalent to a single Cu atom on graphene. In order to analyze the composition of the observed monolayer crystals, we acquired local EELS by scanning the electron beam over 2 nm×1 nm regions inside the nanosheets. As shown in figure 1(e) and supplementary figure S5, both copper and oxygen signals were detected, as evidenced by the Cu M-edge at ∼78 eV and O K-edge at 532 eV. Other light elements, such as B, N, and F, were not detected. Considering the large energy transfer to H by the electron beam 'collision' effect [24] , a hydroxide cannot survive and can, therefore, be excluded. In addition density functional theory (DFT) calculations of a hydrogenated square CuO found that the structure has negative-frequency phonon modes and is, therefore, unstable. Elemental mapping further confirms that an oxygen signal is associated with the nanocrystal (supplementary figure  S5) , indicating that the observed monolayer crystal is copper oxide, but the precise stoichiometry cannot be determined from these measurements.
We carried out DFT calculations to further examine the copper oxide structure and stoichiometry. We find that 3D Cu clusters are energetically favored over a monolayer structure (see supplementary figure S6 ). This result and the experimental detection of O signals exclude the possibility that the observed 2D patch is a pure Cu sheet, although a membrane with similar square structure made of Fe atoms has been reported by Zhao et al [25] . In view of the presence of an O K-edge in the EELS data, two types of copper-oxide patches, supported on a graphene substrate, with different stoichiometry corresponding to the two common copper oxides were considered: cupric oxide figure S8 ). The binding energy difference between a CuO patch and a Cu 2 O patch on a graphene substrate is negligible (3 meV per Cu atom). Thus, we can determine which structure is energetically preferred by simply comparing their cohesive energies in free-standing form. Our calculations show that CuO is energetically preferred by 0.26 eV per Cu atom (μ Cu is chosen from bulk Cu). As a result, the net conclusion is that the copper oxide patches on graphene are CuO.
The identification of the observed copper-oxide monolayer as CuO is further supported by the magnified view of the STEM-ADF image in figure S7 , where light atoms are observed at the centers of most Cu square units, i.e., the observed structure resembles the schematic model of figure 3(a) (CuO) as opposed to that of figure 3(g) (Cu 2 O). The few missing O atoms are probably knocked out by the electron beam.
Formation of unsupported CuO monolayer in graphene pores
In addition to the formation of monolayer CuO nanosheets on a graphene substrate, unsupported CuO monolayers can form in graphene pores. Indeed, small copper oxide clusters near graphene pores (figure 2(a)) can form suspended membranes ( figure 2(b) ) under gentle electron irradiation. The STEM-ADF image in figure 2(b) and its corresponding FFT ( figure 2(c) ) show that the suspended monolayer crystal has a square Cu sub-lattice similar to those observed for supported CuO nanosheets, with a nearest Cu-Cu distance of ∼2.65 Å. Both Cu and O EELS signals were detected from such suspended monolayers. We calculated the stability of a Cu 21 O 12 nanosheet (representing CuO with Cu terminated edges) in a graphene nanopore. The optimized structure (as shown in figure 2(d) ) shows a projected CuCu distance of 2.70 Å, which is slightly larger than the calculated Cu-Cu distance of a CuO patch on graphene (2.67 Å), but is still close to the experimental value of ∼2.65 Å. The 〈100〉 s direction of the CuO monolayer aligns with theá ñ 112 of the graphene lattice, which is also in agreement with the experimental observations. Furthermore, DFT calculations find that there are no negative-frequency phonon modes in this configuration, even though some geometric distortion at the CuO-graphene interface can be seen (the absence of negativefrequency phonon modes means that the structure is stable [26] ). We, therefore, conclude that a suspended monolayer CuO patch can exist as a stable structure in a graphene pore.
Investigation of free-standing copper oxide monolayer
In order to further explore the formation of a stable free-standing copper-oxide monolayer, we examined the interaction between the observed CuO patch with the graphene substrate. DFT calculations find that the binding energy is 47 meV/Cu for the Cu 36 O 49 cluster and 50 meV/Cu for the Cu 36 O 24 cluster, respectively, indicating the presence of a van der Waals (vdW) interaction between the Cu x O sheet and the graphene substrate. This weak vdW interaction as well as the formation of the unsupported monolayer CuO membrane suggest that a large-scale free-standing CuO monolayer could exist, and could potentially be grown at large scale using chemical methods and then be removed from the graphene substrate as a freestanding monolayer in a way similar to the transfer of graphene and transition-metal dichalcogenides. This hypothesis was further tested by DFT calculations using a state-of-the-art functional for the exchangecorrelation potential. A stable planar CuO monolayer is found ( figure 3(a) ). This configuration maintains the same square lattice as the CuO membrane described above, with a projected Cu-Cu distance of 2.72 Å, which is also close to the experimental value (2.69 Å).
Similar to the low-temperature (<213 K) magnetic ordering in bulk CuO, monolayer CuO shows a D-type antiferromagnetic (AFM) ordering, in which magnetic stripes lie along the [100] s direction. However, monolayer CuO has a 3.37 eV indirect bandgap ( figure 3(c) ), which is significantly larger than the ∼1.5 eV indirect bandgap in bulk CuO.
As also shown in bulk CuO, a CuO monolayer with similar structure but different magnetic ordering exists. Figure 3(d) shows the top view and side view of s direction). Compared with the planar D-type AFM CuO monolayer, a G-type AFM CuO monolayer is buckled with half of the Cu atoms residing above and the other half of the Cu atoms residing below the oxygen plane. Energetically, a CuO monolayer with G-type AFM order has higher energy than a CuO monolayer with D-type AFM by 0.20 eV per formula unit (f.u.), suggesting that a freestanding CuO monolayer grown under thermodynamically equilibrium conditions would adopt a D-type AFM ordering. But as there are no negative frequencies in its phonon modes ( figure 3(e) ), a CuO monolayer with G-type AFM order can also exist. The band structure calculations of CuO monolayer with G-type AFM order ( figure 3(f) ) indicate that the material is metallic. The semiconductor-to-metal transition from D-type AFM CuO monolayer to G-type AFM CuO monolayer caused by a slight structural change may be useful for future applications, such as force detectors.
DFT calculations also find a stable free-standing Cu 2 O monolayer (figures 3(g) and (h)). In this configuration, O atoms sit above the Cu plane with a buckling distance of 0.49 Å. Comparing with a CuO monolayer, the oxygen atoms maintain fourfold coordination, but the copper atoms change to twofold coordination. d Cu-Cu shrinks from 2.72 Å in CuO monolayer to 2.54 Å (∼7%). Different from the multiple AFM orderings in the CuO monolayer, a Cu 2 O monolayer is not spin polarized (paramagnetic), which is similar to bulk Cu 2 O. Band structure calculations show a 2.95 eV direct band gap in Cu 2 O monolayer ( figure 3(i) ), which is also larger than the 2.17 eV band gap in its parent bulk material. In contrast to the indirect bandgap in D-type CuO monolayer, the 2.95 eV direct bandgap makes the Cu 2 O monolayer a possible material for sunlight harvesting applications. The indirect-to-direct bandgap transition between the D-type CuO monolayer and Cu 2 O monolayer also suggests that the optical properties of a copper oxide thin film can be tuned by controlling the copper/ oxygen ratio, which can be implemented by various techniques such as controlling the oxygen pressure during the growth process.
As shown in supplementary figure S8 , with all the three functionals we used (LDA+U, PBE+U, and HSE06), difference between measured d Cu-Cu and calculated d Cu-Cu in CuO is ∼1%, while the difference between experimental d Cu-Cu and calculated d Cu-Cu in Cu 2 O is larger than 5%. Considering the good agreement between the calculated Cu-O bond length and the experimental value (less than 0.2% discrepancy in HSE06 calculations), we can conclude that the as-fabricated copper oxide patch is CuO rather than Cu 2 O.
Conclusion
In summary, a new monolayer oxide material, a single-atom-thick copper oxide nanosheet, has been fabricated. As new wide-bandgap semiconductors with a band gap of ∼3 eV, single-atom-thick monolayer CuO and Cu 2 O may also be candidates for highpower and high-temperature devices. In addition, the indirect-to-direct bandgap transition going from D-type CuO to Cu 2 O monolayer holds promise in applications in optoelectronics where the optical properties of copper oxide monolayer can be tuned by modulating the oxygen content. This new material also provides an opportunity to understand the superconductivity mechanism in Cu-based oxides in which a planar copper oxide layer is believed to play the key role.
Methods
Graphene TEM sample preparation and process Graphene was grown on copper foil using a standard chemical vapor deposition (CVD) method [27, 28] . The growth was carried out at low pressure with methane: hydrogen=50 sccm: 50 sccm, at 1000°C. The growth time was 20 min, which led to continuous few-layer graphene. After CVD growth, PMMA was spin-coated onto the graphene film, and the copper substrate was etched using a 10% ammonium persulfate ((NH 4 ) 2 S 2 O 8 ) with HCl solution instead of FeCl 3 . After etching, the sample was washed with de-ionized water several times. The graphene film with PMMA was then scooped using a holey carbon TEM grid and was baked at 80°C for better adhesion. The PMMA layer was then dissolved in acetone, and the TEM sample was further annealed at 300°C under hydrogen flow to remove PMMA residuals. The graphene TEM sample was stored in air for a few months, and was baked under vacuum at 160 o C for 8 h before the STEM experiments. The sample further underwent a beam-shower process (i.e. high dose electron beam irradiation) before the in situ fabrication of the copper oxide monolayers. This preparation and process method produced a large amount of oxidized Cu nanoparticles (supplementary figure S1) and smaller Cu x O clusters (supplementary figure S2) on graphene surface. Thus, graphene can be seen as a sample holder [29] .
Aberration corrected STEM experiment
The in situ fabrication and characterization of monolayer copper oxide was carried out using a Nion UltraSTEM 100 operated at 60 kV. The microscope is fitted with an ultrahigh vacuum system, a cold field emission electron source, a corrector of third and fifth order aberrations, and equipped with an Enfina EEL spectrometer. The probe current was around 20 pA with a probe size about 1.3 Å in full-width-at-halfmaximum (FWHM). The probe convergence halfangle was set to about 30 mrad, and the EELS collection angle was about 48 mrad. The ADF images were collected from 56-200 mrad or 80-200 mrad (when collected simultaneously with EELS). All the STEM-ADF images were low-pass filtered to improve the signal to noise ratio. Figure 2 (b) is summed from 38 time-series images after correcting for sample drifting to clearly show the atomic structure of monolayer graphene.
Theoretical calculations
Quantum mechanical calculations were carried out based on DFT, projector augmented waves [30] , and a plane wave basis set as implemented in the Vienna Ab initio Simulation Package [31] . For free-standing monolayer calculations, we employed the latest hybrid functional, HSE06, in which a portion α=25% of exact nonlocal Hartree-Fock exchange is mixed [32] . The energy cutoff of the plane-wave basis sets was 520 eV. k-point samplings in the Brillouin zone were fully tested to converge the energy to 1 meV/atom. Atoms were relaxed until the net force was less than 0.01 eV Å −1 . With these set of parameters, the calcu- [33] . An effective U=6.52 eV on-site Coulomb interaction was applied to Cu in the Dudarev form [34] , which is widely used for copper oxide systems [13] . The phonon properties were obtained by calculating the dynamical matrix with the finitedisplacement method, with each displacement at 0.015 Å. The total energy is converged to 10 −8 eV for the phonon calculations. Other functionals were also tested to make further assessment. Details of comparison are listed in supplementary figure S8.
